From measurements of the enthalpies of solution of several samples of quartz and fused silica, the enthalpy difference between low quartz and silica glass at 298.15 K was determined to be 162.2 ± 4.9 J . g-I (2.330± 0.070 kcal . mol -I).
Introd uction
The growth of HF solution calorimetry in the past few decades has produced a need for a standard reference material to assist in determining the accuracy and precision of results obtained by calorimeters measuring heats of solution in hydrofluoric acid. This acid is generally used because of its great chemical activity and ability to attack even refractory materials such as oxides and silicates. Thus, by measuring enthalpies of solution in HF of various materials, they can be related even though their properties may be very different.
The reference standards often used in other types of solution calorimetry react rapidly at room temperature and are not suitable for HF work where the reactions are usually slow, and the calorimetrist resorts to higher temperatures and very finely divided samples in order to increase the reaction rate. One of the key compounds relating many systems in this field is Si0 2 (c) or quartz; therefore at the request of the U.S_ Calorimetry Conference, the National Bureau of Standards has made available NBS Standard Reference Material No. 1654 (a-quartz) for HF solution calorimetry. I SRM No. 1654 is not intended to be used for calibrating calorimeters, as a replacement for electrical energy calibration. It is intended as a single, uniform sample for comparison of measurements by various calorimeters for establishing the adequacy of measurement techniques.
T his quartz sample should prove useful in HF solution calorimetry because it dissolves in wellstirred 24 percent HF in approximately 2 h at 353 K.
It is of high purity; it is free from finely divided particles which may introduce surface energy effects; and it requires no special preparation nor techniques in handlin g.
The purpose of this paper is to describe the preparation and analysis of SRM 1654 and to describe the experimental work which resulted in the certified value for the enthalpy of solution_
The results are also given in section 4 for some of our earlier work with samples of Norwegian and Quebec crystalline quartz and a fused silica glass. This work is not of the high precision achieved in the certification experiments, however, it does add some information about the effects of elutriation of samples and about the enthalpy difference between quartz and the glass.
There has been confusion in the use of the terms a-and .a-quartz [1) . 2 In this paper, a-quartz refers to the low quartz (stable below 846 K).
The Sample
Two pieces of natural Brazilian quartz weighing a total of approximately 4 kg were the starting material for SRM 1654. Surface impurities included in abrasions were removed with a carborundum saw. The surface was washed with a soap solution and then with acetone. At this point the two pieces were clear and colorless with no flaws visible.
The quartz was crushed by hand in a mortar of hardened steel. Bronze sieves separated the material into three portions: (1) passed #100 and retained on #200 sieve (74 to 149 /Lm), 1.1 kg; (2) passed #200 and retained on #400 sIeve (37 to 74 /Lm), 2.3 kg; and (3) passed #400 sieve « 37 /Lm), 0.6 kg. Spectroscopic analysis indicated that a sample from portion (2) contained more than 0.1 wt percent Fe and a trace of Cu. The metallic impurities were removed from all three portions by solution in aqueous hydrochloric acid at approximately 320 K as described in the following paragraph. The three portions of different particle size were kept separate but treated alike , although only portion (2) was to be used for SRM 1654.
The quartz was contained in a 3000-cm 3 Pyrex glass beaker while washing with a 1:1 solution of concentrated hydrochloric acid in distilled water. The contents of the beaker were stirred with a polyethylene stirring rod while being heated to approximately 320 K. The supernatant liquid was decanted and the process repeated once beyond the point where the washings gave no test for iron with 0.25 M K3Fe(CN)6 solution. Then the quartz was repeatedly washed with distilled water heated to 320 K until the washings gave no test for CI-with 0.1 M AgN0 3 solution. The washing was continued with distilled water at room temperature to remove the finest particles from the quartz. When no suspended particles were visible in the water after the mixture remained unstirred for 1 h , the water was decanted, and the quartz was loose ned to a fluffy mass before drying for 3 to 5 h at 448 K. Abrasion by the quartz was apparent on the polyethylene stirring rod, but not on the glass beakers.
Spectrochemical analysis 3 of the final products indicated that no detectable amount of Fe or Cu remained in the sample, and only traces « 0.001 wt%) of Al and Mg were detected. Two samples (3.3 g and 1.9 g) of the SRM 1654 were treated with aqueous HF and evaporated to dryness several times to determine the material inert to HF.4 The amount found averaged 0.02 percent although the residues were hygroscopic and the weights varied somewhat with atmospheric humidity. No evidence of undissolved residue was ever found in the calorimetric experiments.
Examination of an x-ray diffraction pattern 5 of the SRM 1654 did not indicate the presence of phases other than low quartz. The limit of detection of another form of crystalline Si02 was estimated to be be tween 0.1 and 1.0 percent.
The weight loss by the SRM 1654 on drying at 538 K was determined to be 0.02 percent or less, and on ignition at 1550 K , 0.02 perce nt. During the remaining measurements the material was stored in glass bottles in the room atmosphere in which a relative humidity of 35 ± 10 percent was maintained.
Apparatus and Procedures
In this paper, the 1969 atomic weights [2] were used (H, 1.0080; F, 18.9984; 0, 15.9994; Si, 28.086), and 4.1840 joules = 1 calorie. In converting to molar quantities, the samples were assumed to be pure Si02 , and the possible pres e nce of small amounts of impurities was neglected. The following densities, in g . em -3 , were used to calculate buoyancy factors: quartz, 2.66; Si02 glass, 2.20; 18 percent HF, 1.063; 24 percent HF, 1.083; 30 pe rcent HF , 1.101; and air (for average conditions in our laboratory), 0.00118.
The platinum-lined, adiabatic solution calorimeter used in this work was described in detail previously [3] . The stirrer was 0llerate d at a speed of 350 rpm, and the sample cylinder, 1.9-cm 3 volume , with polytetrafluoroethylene (PTFE) o-rings was used for the platinum sample holder.
The aqueous HF solutions used in the measurements were taken from stock solutions stored in 2000-cm 3 polyethylene bottles. The solutions were prepared by approximate volumetric dilutions of analytical reagent grade concentrated hydrofluoric acid with distilled water. Weighed aliquots of the stock solutions were analyzed by titration against standard 1 N sodium hydroxide solution using phenolphthalein as an end-point indicator.
In each experiment the pla tinum sample holder containing the weighed sample was installed in the calorimeter, and the HF solution was weighed in a polyethylene bottle and then transferred to the calorimeter vessel. When the calorimeter was completely assembled the jacket was evacuated by means of an oil diffusion pump. A pressure of less than 0. time period was longer than that following electrical calibrations because the lon ger time of heatin g with greater voltage across the calorimeter heater resulted in lags , especially in the temperature of the jacket well and its insulation.
During the 25-min rating periods , calorimeter temperature readings were made at 5-min intervals when the 25·0 platinum resistan ce thermometer was used, and at 100-s intervals when the quartz-oscillator thermometer was used. After the first rating period an electrical calibration of the initial system was made using 24 V across the 97-0 manganin heater for 10.5 min. Alternate measurements of current in th e calorimeter heater and the potential across it were made at 30-s intervals during the electrical heating using a high precision potentiometer. Details of the electrical energy measurements were described previously [3] . The time of the electrical heating was measured by an electronic counter which counted cycles of the 10-kHz standard frequen cy signal available at NBS. The second rating period was started about 12 min after completion of the calibration heating. Following the second rating period, the sample holder was opened and the slow solution reaction began. At 298 K , samples of the finest material « 37 /-Lm) required 6 h for complete reaction , SRM 1654 (37 to 74 /-Lm) required 10 h, and the coarsest material (74 to 149 /-Lm) required 16 h. At 353 K, these materials required 1, 2, and 4 h respectively. At 353 K, SRM 1654 required for complete reaction 3 h in 18 percent HF, 2 h in 24 percent HF, and 1.5 h in 30 percent HF. The reactions were assumed to be complete when the slopes of the tim e-temperature curves were approximately the same as those of the initial rating periods and when the slope did not c han ge more than the uncertainty of the readings. Th e meas ure me nts for a third rating period were followed by an electrical calibration of the final system in which the same procedure was used as in the initial calibration. A fourth rating period then co mpleted the measurements.
The slopes in the rating periods were of the order of 200 /-LK· min -1 and the uncertainty in the stirring energy was estimated to be ± 5 percent, or less. Thus, for a reaction with a 2-K temperature rise and requiring 2 h for completion, the total stirring energy would be about 24 mK and the uncertainty in !J.Tc, about ±0.06 percent. However, the experimental imprecision actually observed was about one-third of this uncertainty.
In all experiments the final solutions appeared clear with no evidence of undissolved residue. The solutions were neutralized with soda lim e before disposal.
Because this calorimeter is adiabatic, the corrected temperature rise is calculated directly from the projected slopes of the rating periods (the slopes are essenti ally the same in all rating periods). The only corrections applied were those for the calibrations of the resistance bridge or the quartz-oscillator thermometer.
The quartz-oscillator thermometer, calibrated by comparison with the platinum resistance thermometer, was used for the temperature measurem ents in Expts. No. 432 throu gh 474. In Expts. No. 479 through 502, the temperature measurements were made with the -I 25-n platinum resistance thermomete r and a G-3 resistan ce thermometer brid ge using a na novoltm eter as a null detector; the nanovoltmeter deAections were recorded on a strip-chart reco rd er.
Preliminary Experiments
The experi mental res ults given in this section are not of th e accuracy and precision achieved in the experiments in section 5. However they are useful in estimatin g the effe cts of elutriatin g samples, in comparin g the enthalpies of solution of natural quartz from differe nt sou rces, a nd in obtaining a value for the e nthalpy difference between crystalline quartz and silica glass.
These measurements were made between January and March 1966, before our laboratories were moved to the location at Gaithersburg, Maryland. Since that time, the calorimeter has been modified in a number of ways to improve the precision and accuracy of the measurements. W e estimate the experimental impre cision for these measurements to be about 0.05 to 0.1 perce nt as co mpared to 0.02 percent in the certification work. The calorimeter as described [3] included the following changes: the sample holder was redesigned; a temperature control was added to the potentiometer; beann gs were added to the stirrer; and the tempe rature and humidity in th e new laboratory were automatically controlled.
Three samples of Si02 were used in the measureme n ts desc ribed in this section: X-ray powder diffraction analysis of these materials indicated that the first two were crystalline low quartz , and that there was no crystalline material in the third sample. (See footnote 5.) The transmission spectra through Suprasil in the ultraviolet, visible, and infrared regions are given in figure 1. In the infrared there are strong absorptions at 2.72 /-Lm and secondary absorption bands at 1.38 and 2.22/-Lm. According to the manufacturer's specification, th e synthetic fused silica, Suprasil, has a density of 2.201 g. cm-3 and the annealing point is 1393 K.
6 Certain co mmercial products and in struments a re identified in this paper in order to specify adequately the experimental procedure. In no case does s uch identifi cation imply recommendation o r e ndorsement by the National Bureau of Standards. nor does it imply th at th e products or equipment identified are ne cessaril y th e bes t avai lable for th e purpose. ----- The crushing and purifi cation of the three samples was essentially the same as described in section 2 for SRM 1654 except that all of the portion passing a #200 sieve was us ed. These materials were heated to approximately 320 K in a similar 1 : 1 aqueous Hel solution. After the mixture had been stirred vi gorously , it was allowed to settle for 5 min before decanting the liquid which still contained suspended materials.
This su pernatant liquid was allowed to settle for 30 min more before again decanting. The portion of the sample remaining after the first decantation is called that which "passed #200 sieve," and that remaining after the second decantation is called "elutriated." The materials were then washed with distilled water as described in section 2. The finest particles were reo moved during washing and were not recovered.
Information about stirring rates , reac tion tempera· tures, amo unts of materials and duration of reaction for the experiments in which the above samples were dis· solved in 22-23 percent HF solutions at about 350 K is given in table 1. The Expt. No. is the serial number for experiments in the adiabati c solution calorimeter. It can be seen that the "elutriated" crystallin e samples dissolved in approximately 60 min , but thos e whi c h " passed #200 sieve" in most cases required nearly twice as lon g. Reducing the stirring rate from 550 to 450 rpm apparently had little effect on the duration of the reaction, but probably improved the reproducibility of the stirring energy. There appears to be little differen ce in the duration of reaction for samples of different particle size in the fu sed sili ca glass , the tim e being about half that for the elutriated crystalline samples.
It is apparent from the time re quired for reaction of th ese elutriated crystallin e materials at 350 K that the particle sizes are co nsiderably larger than those used by most earlier workers who used isoperibol calorim eters where the duration of the reactions had to be limited to around 30 min. For example, Mulert's sample dissolved at room temperature (18°C) in 20 pe .~e nt HF in 30 min [4] ; and Wietzel's, also at room temperature in 35 percent HF, in 15 min [5] .
Most late r worke rs used higher reaction temperatures to avoid th e use of such extremely fin e particles; however, Jeffes et al. [6] , and Stevens and Turkdogan
[7] used 18.7 percent HF at 25°C. Also, Hummel and Schwiete [8] used 10 percent HF at 26.5 °C, and the particle size of their sample was reported to be betwee n 2.5 and 51Lm.
In table 2 are the calorimetric data for th e solution of the six samples of SiOz in aqueous HF corres pond· ing to the experiments in table 1. The calorim e ter te m· peratures in all of these experiments were measured with the 25-0 platinum resistan ce thermometer. The e lectri cal e nergy eq uivale nts of the initial and final syste ms are gi ven. In the stirring e nergy corrections for the reaction s, th e uncertainty is es timated to be about 5 percent or less. The methods of calc ulatin g the electrical e nergy equivalen ts and th e corrected temperature rise, t:..R c , reaction, were described previously [3] . The enthalpy of solution, t:..H (T) , at the temperaof reaction which is the mean temperature of reaction,
HF to obtain the e nthalpy of solution und er th e co nditions of th e certified value given in section 5.
From th e mean e nthalpies of solution in table 2 we obtain the following differences between the "elutriated" materials and those which "passed #200 sieve": Norwegian crystal, ll5 cal . mol -I; Que bec c rystal, 54 cal· mol -I; and Suprasil 2 glass, 60 cal· mol -I. This is an average of about 80 cal· mol -1 and the estimated uncertainty 7 is of the same magnitude.
It th e n seems reasonable to assume that an e rror of a hundred cal · mol-lor more might be expected when samples composed of extremely fine particles are used.
The mean en th alpies of soluti on in 
Enthalpy of Solution of SRM 1654 in HF(aq)
The experiments reported III this section were where T is the isothermal reaction temperature in kelvins, the standard error of the estimate is ±2.4
J. g -l, the standard error of the constant term is ± 1.2 J. g-I, and the standard erro~ of the slope is ± 0.025 J. g-l . K -I. The uncertainty is probably greater at the low temperatures than at the high temperatures because of the longer reaction periods. The average ilCp=-1.586±0.025 J . g-l. K -I. than SRM 1654 (37 to 74 p,m) ; the sample 74 to 149 p,m, was used for the point in the circle and one of those in the cluster of 6 near (T -298.15 K) = 55 K, and the sample which was less than 37 p,m was used for the point in the triangle and 2 points in the group just below (T-298.15 K)=55 K. Thus, there appears to be no difference in the results obtained with various particle sizes in this range. The ultrafine material was removed from all three portions of the quartz during the washing. Therefore, since no significant difference was detected in the enthalpies of solution of the three portions, it may be concluded that no change in the enthalpy of solution of the SRM 1654 will result from particle separation within the sample and that surface energy effects are negligible in this sample (which has the ultrafine material removed). In Expt. No. 490 (not included in the tables or equations), the sample of smallest particle size « 37 p,m) was dissolved in 24.31 percent HF and t::..H (352.912 K)=-2361.1 J 'g -I which agreed with similar-experiments in table 3. In addition three electrical calibrations of the initial system and three of the final system were measured and the following results were obtained: because low values were obtained and leakage of the sample holder was suspected (this sometimes occurred when sample particles were spilled accidentally on the polytetrafluoroethylene o-ring when filling the sample holder). 
The standard error of the constant term is ± 0.73 ( 
J .g-I,
This is for a concentration of 5 g of sample per 1000 cm 3 of HF solution. The enthalpy value also applies to the enthalpy of solution of pure quartz within the assigned uncertainty. The 0.05 percent (1.1 J . g-l)
uncertainty limit assigned is the square root of the sum of the squares of the following uncertainties: 0.4 J . g-l for experimental precision at the 95 percent confidence level; 1.0 J . g-l for possible inert material (this is "" about twice the percentage of inert material found in the analysis); 0. 
Discussion of Results

,
Prior to this work very little information was available regarding the effects of temperature and HF ' concentration on the enthalpy of solution of low quartz. Hummel and Schwiete [8] An adiabatic calorimeter was used in the present work; all other values given in table 6 were measured in isoperibol calorimeters. Waldbaum used a calorimeter previously described by Robie [19] . The values ~ of Troitzsch (1936), Waldbaum , and the present work are for the isothermal reaction where the sample was r in a sealed container inside the calorimeter until initiation of the reaction ; all other values in table 6 are for the sample at 25°C (or room temperature) and the solution and products at the mean temperature of reaction, therefore, in order to convert these to the isothermal reactions corrections were made using Cp of quartz at th e mean temperature of the excursions, taken from the JANAF Tables [I8] . This correction was not made for the reactions at or near 25°C.
All values in table 6 exce pt the last three we re obtained from samples which had been elutriated or extremely finely powdered in order to complete the solution in a short. period of time. Both of Waldbaum's samples pass ed a #400 sieve but fine particles were removed by elutriation, and SRM 1654 used in this work was between #200 and #400 sieve size with fine particles removed by elutriation. The samples were natural Brazilian quartz in this work and in Waldbaum's. The sample for Waldbaum's 1970 value was from the same quartz fragment which he supplied to Holm and Kleppa [9] , and for his 1971 value he used a sample from our portion 3 (see sec. 2) which was the same as SRM 1654 except in particle size. Wietzel's sample was Carrara quartz; Kracek's samples were from Sycamore Island and Lisbon , Maryland, respectively; and all other samples were natural quartz of unstated origin.
The corrected values given in table 6 are in good agreement when the variables of time, calorimeters, samples, and procedures are considered. This would sug ~es t that measurements made with a single, uniform san. pie such as SRM 1654, can serve as an indication of t e relative accuracy and precision of rr.easureme nts by various calorimeters employed in HF solution calorimetry.
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